Assessing the response of spring barley (Hordeum vulgare L.) to the nitrogen and sulphur fertiliser rates calculated using different diagnostic methods was the main aim of the experiment conducted at the Rumokai Experimental Station of the Lithuanian Research Centre for Agriculture and Forestry in 2010-2012. The experiment was carried out on a Bathihypogleyi-Calc(ar)ic Luvisol (LVk-gld-w) with a predominant soil texture of silt loam on heavy clay. The mineral sulphur content determined in 0-60 cm soil layer in spring was very low in 2010 and 2012 and medium in 2011; the treatment of spring barley crop with S 15-20 rates the grain yield increased by 5.1-23%, straw yield -by 8.3-19.4%. Mineral nitrogen levels in 0-60 cm soil layer were high and very high (102-173 kg ha -1 ) at the end of spring barley tillering stage (BBCH 28); at the same time the content of total nitrogen in barley leaves was optimal. Due to this, the adjustment of supplementary fertilisation (increasing/decreasing of the nitrogen rate by 20-60 kg ha -1 ) had no significant effect on the crop yield, productivity components and starch and crude protein content in grains. Foliar fertilisation of spring barley increased the grain yield statistically significantly only in 2010 when mineral sulphur and mineral nitrogen content in 0-60 cm soil layer at the spring barley tillering stage (BBCH 28) was significantly lower (8.5 and 123 kg ha -1 , respectively) in comparison to the other experimental years. The yield increase was 41.8% when ammonium sulphate had been applied and 12.1% when urea had been applied.
Introduction
The yield and grain quality of spring barley are strongly dependent on the correct determination of the optimal nitrogen fertiliser rate. The diagnostic methods used for determining nitrogen content, fertiliser application techniques as well as combining of nitrogen and sulphur fertilisation play a major role in achieving the desired correctness (Zhao et al., 2006; Skwierawska et al., 2008) . It is recommended to determine the amount of plant-available nitrogen in soil (in the majority of Northern and Central European countries mineral nitrogen amount available in soil is considered to be readily available to plants) before sowing; nitrogen fertiliser rates should be adjusted based on the agrochemical soil test results (Staugaitis et al., 2009; Wiesler, Armbruster, 2009 ). Supplementary fertilisation is usually applied at tillering stage; in order to calculate the supplementary rates of nitrogen and/or sulphur fertiliser correctly, it is recommended to firstly determine the content of nitrogen and sulphur in plant leaves (Breuer et al., 2003) . A ratio of nitrogen to sulphur is important: the optimal N:S ratio for wheat is 14-17 (Zhao et al., 1996) , a similar optimal ratio is recommended for barley as well, yet it may vary substantially depending on the location, climatic conditions, nitrogen and sulphur fertilisation rates (Kanal et al., 2003; Kulhanek et al., 2014) .
Several researchers (Blake-Kalff et al., 2000; Aulakh, Malhi, 2004; Zhao et al., 2006; Järvan et al., 2008) indicate a positive effect of sulphur fertilisation on cereal crop production; the positive response of cereal crops to sulphur fertilisation was caused by the fact that the initial levels of plant-available sulphur in soil were low (Olfs et al., 2012) . Many European countries are facing a problem of low plant available sulphur levels in soil due to the decreasing use of superphosphate and sulphate fertilisers (Zhao et al., 2003; Messick et al., 2005; Shnug, Haneklaus, 2005) . Insufficient levels of plant available sulphur in soil block the positive effect of nitrogen fertilisation -yield is not increasing, and the excessive amount of nitrogen which was not consumed by plants becomes an environmental pollutant (Jamal et al., 2010) . Plant-available sulphur in soil is mainly in sulphate form; sulphates are readily leached from the soil, especially when higher rates of sulphur fertiliser are applied (Ercoli et al., 2012) ; therefore the results of determination of labile sulphur amounts vary substantially, even when 0-60 cm soil layer is tested (Ergebnisse..., 2005) , and a correlation between the sulphur content in plant leaves and crop yield and the plant-available sulphur amount in soil is not always obtained (Schnug, Haneklaus, 1998) . Due to the aforementioned problems the VDLUFA standard method (Schwefelversorgung..., 2000) used for determination of plant-available sulphur in soil does not always give reliable results. Major part of the total sulphur in soil is in organic forms (just like total nitrogen and carbon) and is not readily accessible for plants (Jamal et al., 2010) . Different researchers have calculated and suggested that an average coefficient of correlation between the total sulphur and total carbon in soil is 0.75 and between the total sulphur and total nitrogen in soil it is 0.65 (Kanal et al., 2003) . The data obtained from the research conducted in Western Lithuania suggest that the content of total sulphur in Western Lithuanian soils ranges from 0.006% to 0.016%, and N:S ratio ranges from 10 to 15 (Šlepetienė et al., 2007) . Sulphur mineralisation and release from the soil organic matter and plant residues is a slow process; it depends on soil type, weather conditions and cultivated crop (Blum et al., 2013) .
It is still hard to decide which diagnostic methods are most suitable for the determination of nitrogen and sulphur content in soil. In addition to this, the issue of optimal nitrogen and sulphur fertilisation scheme and rates for barley has yet to be fully solved. The possible approach to solving this problem depends on the chosen frame of reference, which could be quite different: amounts of nitrogen and sulphur required for achievement of the desirable yield; soil mineral nitrogen and mineral sulphur levels in spring and -possibly -at a certain point of the growing period; nitrogen and sulphur content in plant leaves; nitrogen and sulphur content in soil and in plant leaves. The data obtained previously from the experiments conducted in Lithuania suggest that foliar fertilisation of barley crop with nitrogen at the BBCH 28-31 stage increased the crop productivity by more than 5%, thus the taken action was profitable enough; foliar fertilisation with sulphur did not reach the desired level of profitability (Staugaitis, Pečkytė, 2008) . The effect of spring barley crop foliar fertilisation with sulphur is not clarified yet, but this method was quite effective when applied on winter wheat (Kulczycki, 2011) .
The aim of our research was to assess the response of spring barley to the nitrogen and sulphur fertiliser rates calculated using different diagnostic methods. Table 1 .
Materials and methods
The results of analysis of the three-year averages revealed that spring barley plants, treated with the fertiliser rates adjusted according to the results of regular soil tests conducted in spring (treatments Nos. 2-6), took up the fertiliser nitrogen amount by 6.5% more when compared to the plants treated with the rate calculated for achieving the 5 t ha -1 grain yield (treatment No. 1). The uptake of fertiliser phosphorus and potassium by plants was respectively only 15% (phosphorus) and 74% (potassium) of the applied rates calculated for achieving the 5 t ha -1 grain yield. The spring barley cultivar 'Beatrix' was preceded by sugar beet. Total size of the experimental plot was 36 m 2 (12 × 3 m), harvested area -22 m 2 (10 × 2.2 m). Four replications of each treatment were used; the randomised block experimental design was applied. In spring, soil samples were collected within 15-20 April, pre-sowing fertilisation and sowing (4.5 million viable seeds per hectare) of barley were conducted within 23-27 April, harvesting of crop was carried out on 7 (2010), 17 (2011) and 13 (2012) August.
Soil samples for determination of pH, plant available phosphorus and potassium content were collected from 0-20 cm soil layer of every replication within 15-20 April. At the same time soil samples were collected from 0-30 and 30-60 cm soil layers for determination of the mineral nitrogen and mineral sulphur content. During the growing season at spring barley tillering stage (BBCH 28) the soil samples for determination of the mineral nitrogen and mineral sulphur content were collected from the experimental plots of two replications of treatments No. 2 and 3.
Chlorophyll meter SPAD-502 ("Minolta", Japan) was used for the determination of chlorophyll index (in the blue 400-500 nm and red 600-700 nm wavelength regions) in the leaves of spring barley plants from the experimental plots of two replications of every treatment at barley tillering (BBCH 28) and at the end of barley heading (BBCH 55) stages. At the same time the above-ground plant parts were collected from the experimental plots of all four replications of treatments Nos. 2-6 for determination of the total nitrogen and total sulphur content. The samples collected from the same replication of treatments Nos. 2-6 were put together and thus the composite samples for every replication were made. A day before harvest, plants were collected from 0.25 m 2 area of every experimental plot. The total number of stems and the number productive stems of barley plants was counted; the number of grains per ear was calculated. During harvesting the grain yield collected from each experimental plot was weighed separately, the same day grain moisture content was determined and grain samples for determination of quality parameters were collected.
Soil pH was determined in 1 N KCl extract using potentiometric method (ISO 10390:2005) , plant available phosphorus, potassium, calcium and magnesium content -according to Egner-Riehm-Domingo (A-L) method, mineral nitrogen (N min ) and mineral sulphur (S min ) content -in 1 N KCl extract (sample to solution ratio 1:2.5) using colorimetric method. Total nitrogen content in plants was determined using Kjeldahl method; the total nitrogen content multiplied by 6.25 gave the crude protein content. To determine the total sulphur content in plants the following procedure was used: the samples were dried at 60ºC for 4 hours, then ground and combusted in a muffle furnace at 550ºC for 8 hours; the ash then was dissolved in a mixture of nitric and hydrochloric acids and analysed for sulphur using the inductively coupled plasma (ICP) spectrometer "Optima 2100". Starch content was determined using a polarimeter. Spring barley grain yield was expressed in moisture of 14% and absolutely clean mass, straw yield -by the content of absolutely dry matter.
Statistical analyses of yield and biometric data were performed using the analysis of variance (ANOVA). Soil test data as well as the data on total nitrogen and total sulphur content in plants were presented as arithmetical means or medians with mean square deviations. Correlations were calculated between the plant nutrient content in soil and the plant productivity and quality indicators; probability levels (** -P > 0.01, * -P > 0.05) were determined.
Conditions of the experiment. Weather conditions. May 2010 was warm and rainy and the weather conditions were favourable for the germination and development of spring barley (Fig.) . It was warm and very rainy in June -monthly rainfall amounted to 102.8 mm with 45.5 mm rainfall within the last ten days (this period was marked by heavy rains, the crops were lodged). July temperatures were unusually high, the mean daily temperatures for the first, second and last ten days of the month were by 3.1, 6.6 and 4.1°C higher than the multiannual average. The rainfall in July was by 38% lower than usual, yet the soil was sufficiently moist. The lodged crops were attacked by fungal diseases. As the result of the extreme weather conditions the spring barley yield in 2010 was substantially lower than in other years of the experiment. The last days of April 2011 were warm, but in the beginning of May the air temperatures dropped, therefore the spring barley germination process was slowed down. The rest of May was warm; therefore the monthly mean of the daily temperature as well as the monthly rainfall was close to the multiannual average. Weather conditions favoured tiller development of barley plants. The first half of June was hot and dry. During the second ten days of June the weather conditions became normal. July and August were warm and very rainy, especially the last ten days of July; therefore the harvest took place later than in previous years of the experiment. Weather in May 2012 was unsettled. The mean daily temperatures were reaching +18-21°C and then dropping suddenly to +8-9°C. The period of spring night frosts lasted longer than usual. Rainfall was lower than usual, yet there were some heavy (10.3-9.2 mm) rains that resulted in formation of crust at soil surface. The germination and growth of spring barley were slow. The mean daily temperature for the first ten days of June was by 3°C lower than usual, cold nights slowed down the growth of barley plants even more. The second ten days of June were warmer; the temperature was close to the multiannual average. The total rainfall for June was 97.8 mm, yet it was unevenly distributed: 11 June -18.8 mm, 22 June -29.5 mm. Heavy rains were accompanied by strong winds, but the crops were not lodged. July was warm and humid, favourable for the barley grain development as well as for fungal leaf spot diseases. Soil. The experiment was conducted on a Bathihypogleyi-Calc(ar)ic Luvisol (LVk-gld-w). The following soil horizons were identified: Ap -0-28 cm, AB -29-40 cm, El -40-51 cm, Bt -51-57 cm, BC -57-122 cm, C ->122 cm. Soil texture: Ap -silt loam, El -loam, BC -heavy clay. The top of the carbonate horizon and the gleyicity traces were determined at the 60 cm depth. Agrochemical properties of soil were determined every spring of the three years of this experiment; they are presented in Table 2 . The pH value in the arable soil layer ranged from 6.5 to 6.9, plant-available phosphorus (P 2 O 5 ) level was very high, and plant-available potassium (K 2 O) level -high. The arable soil layer contained high levels of plant-available calcium (Ca) -1821-3622 mg kg Note. * -pH, P 2 O 5 , K 2 O median and mean square deviation determined using 8 samples, N min , S min -4 samples; ** -groups of the nutrient content level: 1 -very low, 2 -low, 3 -average, 4 -high, 5 -very high.
Results and discussion
The observations of the changes in mineral nitrogen and mineral sulphur levels in soil and total nitrogen and total sulphur levels in plants were conducted in the experimental plots of treatments No. 2 and 3 at the end of spring barley tillering stage (BBCH 28). The presowing nitrogen fertilisation rates were the same for both treatments: 79 kg ha In 2011 and 2012, the levels of mineral nitrogen in soil ranged from 148 to 179 kg ha -1 . According to the nitrogen sufficiency estimation scale, the desirable level of mineral nitrogen in 0-60 cm soil layer at this period of the growing season is 120 kg ha -1 , thus the aforementioned mineral nitrogen levels should be considered as very high and sufficient for the growth of barley plants (Staugaitis et al., 2009 ).
Significant differences were revealed between the mineral sulphur levels in 0-60 cm layer of soil at the end of spring barley tillering stage (BBCH 28) determined in different years of the experiment: in 2010 -8.5 kg ha -1 in sulphur-untreated plots and 9.5 kg ha -1 in plots treated with sulphur at S 20 rate, in 2011 -23.7 and 42.3 kg ha -1 , respectively, in 2012 -126.8 and 144.1 kg ha -1 , respectively. Since the obtained data on the total sulphur content in plants revealed quite a different picture (Table 4) , it is likely that the method chosen for determining the mineral sulphur content in soil was not the right one. Some researchers (Willms, 2005) indicated another probable explanation: it is possible that in 2012 the levels of mineral sulphur in soil rose due to the high temperatures in the fifteen days of April and first fifteen days of May -sulphates could rise from the deeper soil layers. Note. All data (with exception of N:S ratio) are expressed as arithmetic means and mean square deviations.
The available scientific evidence indicates that the optimal level of total nitrogen in spring barley leaves at tillering stage (BBCH 28) is 3.5-6.4%, and total sulphur ->0.3% (Breuer et al., 2003; Olfs et al., 2012) . The results obtained from our research revealed that the levels of total nitrogen in spring barley leaves at tillering stage (BBCH 28) were always optimal, while the levels of total sulphur were optimal in 2010, close to the bottom line of the optimal level in 2011 and below that line in 2012. The N:S ratio in plant leaves indicates the sulphur supply sufficiency; when the value of N:S ratio in barley leaves is higher than 17, the supply of sulphur is insufficient (Zhao et al., 1996) . In this way, sulphur deficiency was recorded in our experiment in 2011 and 2012.
Number of productive stems per unit of area indicates the productivity of grain crops. The numbers of spring barley productive stems in the plots of our field experiment ranged from 792 to 991 stems per m 2 and depended mostly on the weather conditions (Table 5 ). The largest numbers of productive stems were developed in 2011 when cool and normally humid weather conditions in May favoured the tillering process. Different fertilisation schemes had no significant effect on the number of developed productive stems, except of the supplementary nitrogen fertilisation in 2011 -the plants treated with N 20 rate developed fewer numbers of productive stems. Chlorophyll index was measured in the spring barley leaves at the end of barley heading stage (BBCH 55); according to the obtained results, it mostly depended on weather conditions (Table 5 ). Adjusted fertiliser rates had no significant effect on the chlorophyll index. In 2011, the number of grains per ear was the lowest, while the number of productive stems was the highest (Table 6 ). High crop density results in deteriorated light conditions, thus the photosynthesis processes are slowed down. Statistical analysis confirmed the negative effect of the productive stem number on the number of grains per ear (r = −0.443**). Three year averages reveal that different barley fertilisation schemes had no significant effect on the number of grains per ear, yet in certain cases an increase in the number of grains per ear was recorded when each year was evaluated individually: in 2010 this number increased when foliar nitrogen-sulphur fertilisation (ammonium sulphate) was applied (treatment No. 5), in 2011 -when pre-sowing sulphur fertilisation was applied (treatment No. 3), and in 2012 -when barley plants were treated foliarly with urea (treatment No. 6). Barley grains were the largest in 2011 due to the sufficient moisture and warmth during the grain-filling period, and the smallest -in 2010 when crops were lodged by heavy rains and winds in June (Table 6 ). In 2010, the supplementary nitrogen fertilisation resulted in a decrease of 1000 grain weight since more plants were lodged in the plots supplementary fertilised with nitrogen. Foliar treatment of plants with nitrogen-sulphur fertiliser ammonium sulphate resulted in the largest grains in 2010 and 2011.
Correlation calculations revealed a slightly negative effect of supplementary nitrogen fertilisation at the rate adjusted according to the nitrogen content in plant leaves on the 1000 grain weight (r = −0.392**), while a moderate positive correlation (r = 0.474**) was found between the levels of mineral sulphur in soil determined before sowing and the 1000 grain weight.
The average grain yield in 2011 and 2012 was 4.5 t ha Foliar fertilisation of spring barley resulted in a statistically significant grain yield increase only in 2010, when mineral sulphur and mineral nitrogen content (8.5 and 123 kg ha -1 , respectively) in 0-60 cm soil layer at spring barley tillering stage (BBCH 28) was significantly lower in comparison to the other experimental years. The obtained yield increase was 41.8% when ammonium sulphate had been applied and 12.1% when urea had been applied. Thus the pre-sowing as well as foliar applications of sulphur fertilisers were the most effective ones from the grain yield point of view.
Differences between the spring barley straw yield increases obtained using different fertilisation schemes were statistically insignificant at the LSD 05 level when the results of every experimental year were evaluated separately; yet the means calculated for 2010-2012 period revealed that spring treatment of plants with sulphur fertiliser (treatment No. 3) and foliar application of nitrogen-sulphur fertiliser ammonium sulphate at 15 kg ha -1 rate (treatment No. 5) resulted in an 11% straw yield increase; taking each experimental year separately, this increase was as follows: 19.4% in 2010, 9.8% in 2011, and 8.3% in 2012 (Table 7) . Thus the application of sulphur fertilisers was the most effective one from the straw yield point of view as well. Several researchers indicate that sulphur fertilisation increases the winter wheat grain and straw yield (Zhao et al., 1996) , yet the effect of sulphur fertilisation depends strongly on the conditions profiling the particular year (Kulhanek et al., 2014) .
The two-year means of starch content in spring barley grains as affected by the different fertilisation In both cases the grain starch content levels were close to those found in 2012. During the three years of our experiment the content of crude protein in spring barley grains (absolutely dry matter) ranged from 11.03% to 13.06% (Table 8) , yet the obtained quantitative differences between the treatments were statistically insignificant at the LSD 05 level. It could be noticed though, that the content of crude protein in grains was lower when spring barley plants had been treated with fertiliser rates calculated for achieving the 5 t ha -1 grain yield (higher phosphorus and potassium rates, somewhat lower nitrogen rate).
Conclusions
After having analysed the results obtained from our experiment where different spring barley (Hordeum vulgare L.) fertilisation schemes were compared, the following conclusions can be drawn:
1. The average quantitative differences between the fertiliser rates calculated for achieving the 5 t ha -1 spring barley grain yield and adjusted according to the results of regular soil tests conducted in spring: content of phosphorus (P 2 O 5 ) and potassium (K 2 O) in 0-20 cm soil layer, determined using A-L method, content of mineral nitrogen (N min ) in 0-60 cm soil layer, determined using colorimetric method, and the not adjusted rates depended on the nutrient: nitrogen fertiliser rate was by 6.5% higher, while the rates of phosphorus and potassium -by 15% and 74% lower, respectively. On the other hand, the obtained grain yield differences between the aforementioned treatments did not exceed the LSD 05 value.
2. The mineral sulphur (S min ) content determined in 0-60 cm soil layer in spring was very low in 2010 and 2012 and average in 2011; the treatment of spring barley crop with S 15-20 rates the grain yield increased by 5.1-23%, straw yield -by 8. 3-19.4%. 3. N min levels in 0-60 cm soil layer, determined at the end of spring barley tillering stage (BBCH 28), were high and very high (102-173 kg ha -1 ); at the same time the content of total nitrogen in barley leaves was optimal. Due to this, the adjustment of supplementary fertilisation (increasing/decreasing of the nitrogen rate by 20-60 kg ha -1 ) had no significant effect on the crop yield, productivity components and starch and crude protein content in grains.
4. Foliar fertilisation of spring barley plants increased the grain yield statistically significantly only in 2010 when mineral sulphur and mineral nitrogen content in 0-60 cm soil layer at spring barley tillering stage (BBCH 28) was significantly lower (8.5 ± 1.13 and 123 ± 9.1 kg ha -1 , respectively). The obtained yield increase was 41.8% when ammonium sulphate had been applied and 12.1% when urea had been applied.
5. Different fertilisation schemes had no significant effect on the number of productive stems, number of grains per ear, chlorophyll index in the spring barley leaves at the end of heading stage (BBCH 55), and the content of starch and crude protein in barley grains. Foliar treatment of plants with nitrogen-sulphur fertiliser ammonium sulphate resulted in an increase in 1000 grain weight. 
